Context. Observations show that small-amplitude prominence oscillations are usually damped after a few periods. This phenomenon has been theoretically investigated in terms of non-ideal magnetoacoustic waves, non-adiabatic effects being the best candidates to explain the damping in the case of slow modes. Aims. We study the attenuation of non-adiabatic magnetoacoustic waves in a slab prominence embedded in the coronal medium. We assume an equilibrium configuration with a transverse magnetic field to the slab axis and investigate wave damping by thermal conduction and radiative losses. Methods. The magnetohydrodynamic equations are considered in their linearised form and terms representing thermal conduction, radiation and heating are included in the energy equation. The differential equations that govern linear slow and fast modes are numerically solved to obtain the complex oscillatory frequency and the corresponding eigenfunctions. Results. Coronal thermal conduction and radiative losses from the prominence plasma reveal as the most relevant damping mechanisms. Both mechanisms govern together the attenuation of hybrid modes, whereas prominence radiation is responsible for the damping of internal modes and coronal conduction essentially dominates the attenuation of external modes. In addition, the energy transfer between the prominence and the corona caused by thermal conduction has a noticeable effect on the wave stability, radiative losses from the prominence plasma being of paramount importance for the thermal stability of fast modes. Conclusions. Slow modes are efficiently damped, with damping times compatible with observations. On the contrary, fast modes are less attenuated by non-adiabatic effects and their damping times are several orders of magnitude larger than those observed. The presence of the corona causes a decrease of the damping times with respect to those of an isolated prominence slab, but its effect is still insufficient to obtain damping times of the order of the period in the case of fast modes.
Introduction
Solar prominences are large-scale coronal magnetic structures whose material, cooler and denser than the typical coronal medium, is in plasma state. Prominences are supported against gravity by the coronal magnetic field, which also maintains the prominence material thermally isolated from the corona. Smallamplitude oscillations in solar prominences were detected almost 40 years ago (Harvey 1969) . These oscillatory motions seem to be of local nature and their amplitude is typically less than 2-3 km s −1 . Observations have also allowed to measure a wide range of periods between 30 s (Balthasar et al. 1993 ) and 12 h (Foullon et al. 2004) . From the theoretical point of view, the oscillations have been interpreted by means of the magnetoacoustic eigenmodes supported by the prominence body. The reader is referred to Oliver & Ballester (2002) , Ballester (2006) and Banerjee et al. (2007) for an extensive review of observational and theoretical studies.
Evidence of the attenuation of small-amplitude prominence oscillations has been reported in some works (Molowny-Horas et al. 1999; Terradas et al. 2002) . A typical feature of these observations is that the oscillatory motions disappear after a few
Send offprint requests to: R. Soler periods, hence they are quickly damped by one or several mechanisms. The theoretical investigation of this phenomenon in terms of magnetohydrodynamic (MHD) waves has been broached by some authors by removing the ideal assumption and by including dissipative terms in the basic equations. Non-adiabatic effects appear to be very efficient damping mechanisms and have been investigated with the help of simple prominence models (Ballai 2003; Carbonell et al. 2004 Carbonell et al. , 2006 Terradas et al. 2005) . Nevertheless, other damping mechanisms have been also proposed, like wave leakage (Schutgens 1997a (Schutgens , 1997b Schutgens & Tóth 1999) and dissipation by ion-neutral collisions (Forteza et al. 2007) .
In a previous work (Soler et al. 2007 , hereafter Paper I), we have studied for the first time the wave attenuation by nonadiabatic effects of a prominence slab embedded in the corona. In that work the magnetic field is parallel to the slab axis and it is found that the corona has no influence on the internal slow modes, but it is of paramount importance to explain the damping of fast modes, which are more attenuated than in simple models that do not consider the coronal medium. Following the path initiated in Paper I, here we investigate the wave damping due to non-adiabatic mechanisms (radiative losses and thermal conduction) in an equilibrium made of a prominence slab embedded in a coronal medium, but now we consider a magnetic field transverse to the slab axis. This configuration and that studied in Paper I correspond to limit cases, since measurements with Zeeman and Hanle effects indicate that the magnetic field lines are skewed to the long axis of prominences. On average, the prominence axis and the magnetic field form an angle of about 20
• . Thus, the skewed case is relegated to a future investigation. The equilibrium configuration assumed here was analysed in detail by Joarder & Roberts (1992) and Oliver et al. (1993) in the case of ideal, adiabatic perturbations. The main difference between both works is in the treatment of gravity. Joarder & Roberts (1992) neglected the effect of gravity and so straight field lines were considered. On the other hand, Oliver et al. (1993) took gravity into account and assumed curved field lines according to the Kippenhahn-Schlülter model modified to include the surrounding coronal plasma (Poland & Anzer 1971) . Despite this difference, both studies agree in establishing a distinction between different normal modes depending on the dominant medium supporting the oscillation. Hence, internal modes are essentially supported by the prominence slab whereas external modes arise from the presence of the corona. In addition, hybrid (or string) modes appear due to the combined effect of both media.
The investigation of the thermal attenuation of oscillations supported by such equilibrium is unsettled to date and, indeed, this is the main motivation for the present study. However, two works (Terradas et al. 2001 (Terradas et al. , 2005 ) studied the wave damping in an isolated prominence slab. Terradas et al. (2001) considered radiative losses given by the Newtonian law of cooling as damping mechanism and studied the attenuation in the Kippenhahn-Schlülter and Menzel prominence models. Subsequently, Terradas et al. (2005) considered a more complete energy equation including optically thin radiation, plasma heating and parallel thermal conduction, and assumed straight field lines since gravity was neglected. The main conclusion of both works is that non-adiabatic mechanisms are only efficient in damping slow modes whereas fast modes remain almost undamped. Nevertheless, in the light of the results of Paper I, the presence of the coronal medium can have an important repercussion on the wave damping. The investigation of this effect is the main aim of the present work. Therefore, we extend here the work of Terradas et al. (2005) by considering the presence of the corona and neglect the effect of gravity as in Joarder & Roberts (1992) for simplicity. This paper is organised as follows. Section 2 contains a description of the equilibrium configuration and the basic equations which govern non-adiabatic magnetoacoustic waves. Then, the results of this work are extensively discussed in Sect. 3. Finally, our conclusions are given in Sect. 4.
Equilibrium and basic equations
The equilibrium configuration (see Fig. 1 ) is made of a homogeneous plasma slab with prominence conditions (density ρ p and temperature T p ), whose axis is orientated along the z-direction, embedded in a coronal environment (density ρ c and temperature T c ). The system is bounded in the x-direction due to the presence of two rigid walls representing the solar photosphere, but it is unlimited in the y-and z-directions. The width of the prominence slab is 2x p and the total width of the system is 2x c . The magnetic field is transverse to the prominence slab, B 0 = B 0êx , with B 0 everywhere constant.
In order to find the basic equations that govern non-adiabatic magnetoacoustic waves we follow the same process as in Terradas et al. (2005) . We consider the usual MHD equations 
where p, ρ and T are the gas pressure, density and temperature, respectively. The quantity γ is the adiabatic ratio, here taken γ = 5/3. The non-ideal terms in Eq.
(1) are explained in detail in Carbonell et al. (2004) . Thermal conduction is represented by ∇ · (κ · ∇T ), where κ is the conductivity tensor which in coronal applications is usually approximated by its parallel component to the magnetic field, κ = 10 −11 T 5/2 W m −1 K −1 . Radiative losses and heating are evaluated together through the heat-loss function, L(ρ, T ) = χ * ρT α − hρ a T b , where radiation is parametrised with χ * and α (see Table I of Paper I) and the heating scenario is given by exponents a and b (Rosner et al. 1978; Dahlburg & Mariska 1988) . We impose that both the prominence and the corona are isothermal in the equilibrium state. So, we assume L(ρ 0 , T 0 ) = 0, where ρ 0 and T 0 are the local equilibrium density and temperature, respectively.
Assuming that the plasma is at rest in the equilibrium state (i.e. no flux of material) and considering small perturbations, we find the linearised version of the MHD equations (Eqs.
[10]-[15] of Terradas et al. 2005) . According to the geometry of our model, we assume perturbations of the form f 1 (x) exp i(ωt+k y y+ k z z) and exclude Alfvén waves from this analysis by considering only motions and propagation in the xz-plane (v y = 0, k y = 0). Now we combine the resultant expressions and eliminate all the perturbed quantities in favour of the velocity perturbations, v x and v z , and the temperature perturbation, T 1 . By this process, we obtain three coupled ordinary differential equations, is the Alfvén speed squared. p 0 and B 0 denote the equilibrium gas pressure and magnetic field strength, respectively, and µ is the magnetic permittivity, here taken µ = 4π10 −7 in MKS units. Quantities ω T and ω ρ are defined as follows,
L ρ , L T being the partial derivatives of the heat-loss function with respect to density and temperature, respectively,
Equations (2), (3) and (4) govern fast and slow magnetoacoustic waves together with the thermal or condensation mode. In this work we do not study the thermal wave since we pay our attention to the magnetoacoustic modes. Terradas et al. (2005) found an approximate analytical solution of Eqs. (2)- (4) by neglecting thermal conduction, a valid assumption in prominence plasmas. However, thermal conduction has an important role in coronal conditions and cannot be neglected in order to perform a realistic description of the oscillatory modes supported by our equilibrium configuration. Hence, we solve the full set of Eqs. (2)-(4) using the numerical code PDE2D (Sewell 2003) based on finite elements (see Terradas et al. 2005 for an explanation of the method). The jump conditions at the interface between the prominence and the corona are automatically welltreated by the code. These jump conditions are (Goedbloed & Poedts 2004) :
where v and B are the perturbed velocity and the magnetic field vectors, respectively. For a complete closure of the system we need to supply a physically consistent set of boundary conditions for the perturbations at the photospheric walls, x = ±x c . In this work, we consider two different sets of boundary conditions,
and
where ′ indicates derivative with respect to x. Both sets consider line-tied conditions for the velocity perturbations, i.e. the disturbances are unable to perturb the dense photospheric plasma which acts as perfectly rigid wall. On the other hand, sets (6) and (7) differ by the condition for T 1 , which has different physical implications. Set (6) assumes that the perturbation to the temperature vanishes at x = ±x c and this means that the photospheric walls are taken as isothermal. On the contrary, set (7) considers a zero-temperature gradient for the perturbation between the corona and the photosphere, so no perturbed heat flux is allowed at the boundaries. From our point of view, set (6) makes more physical sense than set (7), since one can expect that the much denser photospheric plasma can instantaneously radiate away any incoming perturbed heat flux from the corona. However, set (7) imposes that there is no heat exchange between the corona and the photosphere, although the temperature perturbation can have a non-zero value at the walls. Regarding these boundary conditions, Cargill & Hood (1989) performed a study of the thermal stability of wave and thermal modes in a Cartesian coronal slab and pointed out that the solutions computed by assuming the boundary conditions given by set (6) are more thermally stable than those obtained for boundary conditions of set (7).
For a fixed real k z , the numerical solution of Eqs. (2), (3) and (4) provides with a complex frequency, ω = ω R + iω I . In the ideal, adiabatic case ω I = 0 and therefore the solutions of Eqs. (2), (3) and (4) are those of Joarder & Roberts (1992) . Using the real and imaginary parts of the frequency, we can compute the oscillatory period, P, the damping time, τ D , and the ratio of both quantities,
Results
Unless otherwise stated, the following equilibrium parameters are considered in all computations: T p = 8000 K, ρ p = 5 × 10 −11 kg m −3 , T c = 10 6 K, ρ c = 2.5 × 10 −13 kg m −3 , B 0 = 5 G, x p = 3000 km and x c = 10x p . The coronal density is computed by fixing the coronal temperature and imposing pressure continuity across the interfaces. In addition, we assume an optically thin prominence plasma (regime Prominence (1) of Paper I) and a constant heating per unit volume (a = b = 0). In all the following expressions, subscript 0 indicates local equilibrium values, while subscripts p and c denote quantities explicitly computed with prominence and coronal parameters, respectively.
Dispersion diagram and wave modes
Solutions of Eqs. (2)-(4) can be grouped in internal, external and hybrid modes. Although there is an infinite number of harmonics for internal and external modes, only two hybrid modes are possible: the hybrid slow mode and the hybrid fast mode (this nomenclature is taken from Oliver et al. (1993) ). Figure 2 shows the dimensionless real part of the frequency versus k z x p for the fundamental symmetric oscillatory modes (i.e. solutions with v x even with respect x = 0) and some of their harmonics, where we have assumed the boundary conditions given by Eq. (6). A similar diagram can be obtained for the antisymmetric modes (i.e. solutions with v x odd with respect x = 0) and for the other set of boundary conditions (Eq. (7)).
The behaviour of the real part of the frequency is the same as that explained by Oliver et al. (1993) . The value of ω R for both internal and external slow modes and for the hybrid slow mode shows a very weak dependence on k z since almost horizontal lines are seen in Fig. 2 . On the contrary, both internal and external fast modes show a quasi-parabolic dependence on k z (this is also applicable to the hybrid fast mode, present in the dispersion diagram for antisymmetric modes). The reader is referred to Oliver et al. (1993) for more extensive details about the behaviour of ω R .
Next, we focus on the fundamental modes and their eigenfunctions v x , v z and T 1 are displayed in Fig. 3 for k z x p = 1 and for both sets of boundary conditions. The spatial structure of the disturbances v x and v z is the one shown by Oliver et al. (1993) . Hence, non-adiabatic effects do not modify the spatial behaviour of velocity perturbations. Internal modes produce large plasma displacements inside the slab, external modes achieve large amplitudes in the corona and the amplitude of hybrid modes is of the same order in both media. It is worth to mention that the hybrid fast mode can be considered as an internal-like mode for large k z x p since the amplitude of its perturbations in the corona decreases as k z x p increases. Regarding the temperature perturbation, it is larger for the slow modes than for the fast modes and, in general, is larger in the prominence than in the corona. Finally, the differences between the eigenfunctions for the two sets of boundary conditions (Eqs. (6)- (7)) are only relevant for the hybrid slow mode.
From the observational point of view, internal and hybrid modes could be more easily observed than external modes by instruments focusing on prominences, since the amplitude of the latter ones is very small in the prominence body. For this reason, the results corresponding to internal and hybrid modes are the most interesting for prominence seismology. However, here we study the three kinds of solutions in order to perform a complete description of the fundamental wave modes supported by the equilibrium configuration. Fig. 4 . Three-dimensional dispersion diagrams (solid lines) close to a coupling between a fast mode and a slow mode. Dashed and dotted lines are the projections of the dispersion curves on the horizontal and vertical planes. The left-hand side panel presents a "weak" coupling, the middle panel shows a "strong" coupling and the right-hand side panel displays an "anomalous" coupling. Oliver et al. (1993) showed that avoided crossings occur in the dispersion diagram when two solutions couple and interchange their magnetoacoustic properties. Nevertheless, no avoided crossings seem to take place in our dispersion diagram (Fig. 2) since the curves of ω R for the internal fast modes and for the slow modes cut each other. This fact can be understood by considering that in the present, non-adiabatic case the complete dispersion diagram is in a three-dimensional space because the frequency has an imaginary part. So, Fig. 2 actually corresponds to a projection of the complete three-dimensional dispersion diagram on the k z ω R -plane.
Mode coupling
Upon exploring the complete dispersion diagram, we have found that three different couplings can take place:
1. If the imaginary parts of the frequency of the coupling modes differ by several orders of magnitude, there is no avoided crossing between the real parts. Hence, the coupling between modes is "weak" and only becomes apparent by means of a slight mutual approach of the imaginary parts of ω (see Fig. 4 , left panel). 2. If both imaginary parts of the frequency have a similar value, the real parts show an avoided crossing and so a "strong" coupling takes place (see Fig. 4 , mid panel). 3. In very peculiar cases, an "anomalous" coupling takes place when the imaginary parts of ω of the two coupling modes repel each other (see Fig. 4 , right panel). This situation has important effects on the wave stability, as we explain in Sect. 3.5.
The behaviour of the mode coupling was previously described by Terradas et al. (2001) in the cases that we call "weak" and "strong" couplings (compare our Fig. 4 with Fig. 12 of Terradas et al. (2001) ).
Periods and damping times
Hereafter we restrict ourselves to the fundamental modes and compute the oscillatory period, P, the damping time, τ D , and the ratio of the damping time to the period as functions of the dimensionless wavenumber, k z x p . We consider values for k z x p between 0.01 and 3, which correspond to wavelengths between 5 × 10 3 km and 10 5 km, approximately. These values cover the range of typically observed wavelengths in prominence oscillations (Oliver & Ballester 2002) . The results of the computations are displayed in Fig. 5 considering the two sets of boundary conditions (Eqs. (6)- (7)).
The periods obtained here agree with those provided and commented by Joarder & Roberts (1992) and Oliver et al. (1993) , therefore we turn our attention to the damping times. Regarding slow modes, we see that they are strongly damped, with values of τ D /P close to 1 for the three modes. However, fast modes are much less attenuated and the obtained values of τ D /P are much larger than those observed. This fact involves an important difference with the results of Paper I, in which fast waves were efficiently attenuated for some values of the wavenumber. Such as happens with the period, the damping time of slow modes is almost independent of k z . On the contrary, fast modes are less attenuated for small k z than for large k z . This evidence can be understood by means of the following arguments. 
Equations (9) and (11) are still coupled and govern slow and thermal waves, which are affected by non-adiabatic mechanisms through the terms with κ , ω T and ω ρ in Eq. (11). On the contrary, Eq. (10) is now decoupled from the rest and governs fast modes alone, which become pure Alfvén waves and are not affected by non-adiabatic terms. Thus, for k z → 0 fast waves tend to the ideal, undamped behaviour. When k z is increased, fast modes are more affected by acoustic effects and their damping time decreases and stabilises. The little peaks shown in the bottom panels of Fig. 5 , corresponding to the external fast mode, are in fact the result of "strong" couplings with slow mode harmonics. The differences arising from the different boundary conditions are only of importance for the hybrid slow mode, as we indicated in Sect. 3.1. We see that the boundary condition T ′ 1 = 0 produces a substantially stronger damping for the hybrid slow mode than the condition T 1 = 0. Finally, an approximate value to the frequency of internal and external slow modes can be obtained by considering the approximation given in App. B of Paper I, namely
where k x is the wavenumber in the field direction and Λ is the modified sound speed due to the presence of non-adiabatic effects, defined in Paper I as follows
The value of k x is fixed by the equilibrium geometry, but for simplicity we consider now the analytical approximations of the dominant wavenumbers given by Joarder & Roberts (1992) in the adiabatic case and for the long wavelength limit, namely
for the fundamental internal mode, and
for the fundamental external mode. One must bear in mind that the wavenumbers in the present, non-adiabatic case are complex quantities, but we expect that their real part is similar to that in the adiabatic case, such as happens with the value of the frequency. Applying now Eq. (12) to the internal slow mode, i.e. considering prominence parameters in the expression for Λ (Eq. 13) and the approximation for k x given by Eq. (14), one obtains P ≈ 23.50 min, τ D ≈ 73.05 min and τ D /P ≈ 3.11. On the other hand, if the process is repeated for the external slow mode, this gives P ≈ 6.20 min, τ D ≈ 6.70 min and τ D /P ≈ 1.08. We see that these approximate values reasonably agree with those numerically obtained and represented in Fig. 5 .
Importance of the damping mechanisms
In order to know which are the mechanisms responsible for the damping of each mode, we now follow the same procedure as in Paper I. We compare the damping time obtained when considering all non-adiabatic terms (displayed in the middle column of Fig. 5 ) with the results obtained when a specific mechanism is removed from the energy equation (Eq. (1)). This analysis allows us to know whether the omitted mechanism has a relevant effect on the attenuation. Before undertaking this investigation, we need to know if both sets of boundary conditions are adequate in the absence of thermal conduction. If one imposes κ = 0 in Eq. (4) then T 1 can be written as function of v z and v ′ x ,
which can be substituted into Eqs. (2) and (3) in order to obtain two coupled differential equations involving the perturbed velocities alone,
Hereω is introduced to simplify the notation,
Now, the system formed by Eqs. (17) and (18) The results of the computations are displayed in Fig. 6 . Although we have explored a wide range of values of k z , the plots are only drawn again for 0.01 < k z x p < 3 since we have found that the importance of the damping mechanisms does not show a strong dependence on k z . Regarding slow modes, we clearly see that the damping of the internal mode is dominated by the radiation from the prominence plasma, as expected, while coronal conduction has a minor effect. On the other hand, the hybrid and external modes are affected by coronal conduction together with prominence radiation. Both mechanisms have a similar influence on the hybrid mode, while coronal conduction dominates the attenuation of the external mode. This result for the hybrid mode is coherent with the fact that its perturbations achieve large amplitudes both in the prominence and the corona (see top row of Fig. 3 ), so one expects that the most relevant damping mechanisms of each medium govern together the attenuation of the hybrid mode. However, the result for the external mode is a priori surprising because its perturbations are very small in the prominence (see fifth row of Fig. 3 ) and one expects that the prominence-related mechanisms have a minor effect on its damping. The following discussion attempts to explain why prominence radiation affects so much the external mode.
The equilibrium configuration assumed in the present work implies an additional complication with respect to the equilibrium considered in Paper I, in which magnetic field lines were taken parallel to the interface between the prominence and the corona. Hence, both media were thermally isolated in the model of Paper I since there was no transfer of energy from one medium to the other. However, in the present model thermal conduction connects both media since field lines are transverse to the interfaces. This fact allows heat transfer between the prominence and the corona. So, some energy can flow along field lines and can be injected from the corona into the prominence, where the energy is efficiently radiated away by the plasma. In this way, the influence of prominence radiation on the damping of the external slow mode, and also the hybrid slow mode, is amplified by means of coronal thermal conduction. Next we turn our attention to the fast modes. At first sight, the behaviour of the fast modes when a specific mechanism is removed from the energy equation is absolutely different from that seen in the case of the slow modes and needs more extensive explanations. In Sect. 3.3, we commented that the damping time of the fast modes is affected by the couplings with the slow modes. Now, we see that the nature of these couplings (being "weak", "strong" or "anomalous") changes depending on which is the non-adiabatic mechanism omitted in the energy equation. These changes in the coupling nature cause the damping time of the hybrid fast mode and the internal fast mode to vary from small values to very large values depending on the proximity to the couplings. So, we see that the consideration of both prominence radiation and coronal conduction has the effect of smoothing the curves of τ D .
In addition, the results corresponding to hybrid and internal fast modes show the appearance of thermal instabilities in very localised values of k z x p when prominence radiation is neglected (dashed lines), since then the interactions between fast modes and external slow modes leads to "anomalous" couplings. At these couplings, the value of ω I for the fast modes is pushed towards negative values (see the right-hand panel of Fig. 4) . Such a situation has very important repercussions on the wave behaviour since for ω I < 0 waves are amplified in time. The location of these instabilities in panels d) and e) of Fig. 6 have been pointed by means of arrows.
Wave instabilities
Wave instabilities discussed in Sect. 3.4 require a more in-depth investigation. According to Field (1965) , the criterion for the appearance of wave instabilities is given by
where k x is the wavenumber in the field direction. Results of Carbonell et al. (2004) , see also Paper I, point out that the heating scenario used in our calculations (constant heating per unit volume) cannot lead to thermal destabilisation. So, we can affirm that instabilities described in Sect. 3.4 are not caused by the heating mechanism. In addition, instabilities only appear when radiative losses are omitted. In such situation, the instability criterion becomes
Equation (20) is never satisfied unless an additional source of heating is present, which seems to be the present case. This extra energy source corresponds to heat injected from the corona into the prominence by thermal conduction, as was commented in Sect. 3.4. In the absence of radiation, prominence thermal conduction is the only mechanism that can dissipate this extra injected heat. One expects that in such situation the value of k x grows in order to increase the efficiency of prominence conduction. Figure 7 shows the eigenfunction of the temperature perturbation corresponding to the internal fast mode for k z x p ≈ 0.3 when all non-adiabatic mechanisms are considered, panel a), and when radiative losses from the prominence plasma are omitted, panel b). For this value of k z x p , the wave becomes unstable (ω I < 0) if prominence radiation is omitted. We see that smaller space-scales (i.e. larger k x ) are obtained within the prominence when prominence radiation is not taken into account, as expected. Although the efficiency of prominence conduction is increased in this way, it is still not enough to stabilise the perturbation. Fig. 7 . Modulus of the eigenfunction T 1 (in arbitrary units) versus the dimensionless distance to the slab axis corresponding to the fundamental internal fast mode for k z x p ≈ 0.3 if a) all non-adiabatic mechanisms are considered, and b) without prominence radiation. The shaded region shows the location of the prominence slab.
This last discussion points out that prominence radiative losses are of paramount importance to stabilise the disturbances. The efficiency of prominence radiation can be quantified by means of the radiation time-scale for the prominence plasma (De Moortel & Hood 2004) ,
Considering fixed equilibrium parameters, the value of τ r changes for different optical thicknesses of the prominence material (see regimes listed in Table I of Paper I). For Prominence (1) parameters (optically thin plasma), τ r ≈ 309 s, whereas for Prominence (2) and Prominence (3) regimes (optically thick and very thick plasma), τ r ≈ 2,876 s and τ r ≈ 47,822 s, respectively, and so prominence radiation is less efficient. Obviously, τ r → ∞ if the radiative term is omitted. The coronal plasma is always taken optically thin. Figure 8 shows the damping time of the fundamental hybrid and internal fast modes as a function of k z x p for the different prominence optical regimes. We see that the larger the optical thickness, the larger the damping time. This effect is especially relevant at the coupling points with the external slow modes, where thermal instabilities appear if radiative losses are completely inhibited.
Exploring the parameter space
In this Section we investigate how the attenuation of oscillations is affected by changing the equilibrium parameters. The motivation of this study is based on the fact that the estimated values for prominence plasma parameters, such as temperature, density, magnetic field strength or optical thickness, varies from one prominence to another, sometimes in a significant way (e.g. Patsourakos & Vial 2002) . Thus, it is important for our investigation to ascertain the sensitivity of the damping time to the equilibrium parameters around the values considered in our previous calculations. First, we plot in Fig. 9 the ratio of the damping time to the period corresponding to the fundamental modes as a function of equilibrium physical conditions, namely the prominence temperature, the prominence density, the magnetic field strength and the coronal temperature. The following ranges of values have been considered: 5000 K < T p < 15,000 K; 10 −11 kg m −3 < ρ p < 10 −10 kg m −3 ; 1 G < B 0 < 15 G; and 800,000 K < T c < 2,000,000 K.
At first sight, we notice that the attenuation of fast modes is much more sensitive to the equilibrium conditions than the damping of slow modes. The attenuation of slow modes does not change in a significant way if the equilibrium physical conditions are modified, since the obtained τ D /P are always small and of the same order of magnitude. On the contrary, fast modes are highly sensitive especially to the prominence density and the magnetic field. It is noticeable that small values of τ D /P are obtained for the fast modes when large densities and weak magnetic fields are considered. If the magnetic field strength is increased or the prominence density is reduced, then τ D /P grows dramatically. Additionally, fast modes are again strongly affected by the couplings with slow modes, a fact that shows up in the form of very localised increases and decreases of τ D /P.
On the other hand, we have studied the effect of considering a different heating scenario on the wave attenuation. In agreement with previous investigations (Carbonell et al. 2004; Terradas et al. 2005 ; Paper I), results do not show significant discrepancies if different heating mechanisms are assumed.
Finally, we have also varied the length of magnetic field lines (by modifying the value of x c ) and the prominence half-width, x p , in order to assess their effect on the damping time. For realistic values of both x c and x p , no significant influences appear in the results with respect to those previously discussed. It is worth to mention that prominence conduction becomes a relevant mechanism for very a small, unrealistic prominence halfwidth (x p 10 km), and coronal radiation is only important for very large, and again unrealistic, length of magnetic field lines (x c 10 6 km).
Comparison with Terradas et al. (2005)
The final check of the importance of the coronal medium comes from the comparison between our results and those obtained by Terradas et al. (2005) in the case of an isolated prominence slab (see Fig. 10 ). Obviously, this comparison can only be performed for internal modes, since external and hybrid modes are not supported by an isolated slab. The boundary conditions assumed in the work of Terradas et al. (2005) are v x = v z = T ′ 1 = 0. According to the arguments given in Sect. 3.4, this condition for the perturbation to the temperature is the most suitable since thermal conduction is negligible in prominences. However, the line-tying condition at the edges of the prominence slab seems not to be the most appropriate election in the light of the eigenfunctions plotted in Fig. 3 . Hence, our results point out that the interface between the prominence slab and the corona does not act as a rigid wall, and perturbations can be important in the corona even for internal modes.
Contrary to what was shown in Paper I, in which only the fast mode was affected by the corona, in the present case both slow and fast modes of the isolated slab differ from those of a prominence-corona equilibrium. A decrement of the damping time is obtained for both waves in comparison with the solution of an isolated slab. The slow mode is less affected by the presence of the corona but the fast mode damping time is reduced by an order of magnitude, although it is still far from the observed values. As in the longitudinal magnetic field case, the consideration of the corona is of paramount importance for a correct description of the behaviour of oscillations and their attenuation, although its effect on the damping of fast modes is less noticeable than in the longitudinal case.
Conclusions
In this paper we have studied the wave attenuation in a system representing a quiescent solar prominence embedded in the coronal medium. The prominence has been modelled as a homogeneous plasma slab surrounded by a homogeneous medium with coronal conditions. Magnetic field lines have been assumed transverse to the prominence slab axis and the whole system has been bounded in the field direction by two photospheric rigid walls, in order to establish a realistic length for the field lines. The attenuation of the normal modes of such equilibrium has been investigated by considering parallel thermal conduction, radiative losses and plasma heating as non-adiabatic mechanisms, and focusing our study on the fundamental oscillatory modes. The main conclusions of this work are summarised next.
1. Slow modes are strongly attenuated by non-adiabatic mechanisms, their damping times being of the order of the corresponding periods. Fast modes are less affected and present greater damping times. 2. The most relevant damping mechanisms are prominence radiation and coronal thermal conduction. The first one dominates the damping of internal modes, while the second one is responsible for the attenuation of external modes. The combined effect of both mechanisms governs the damping of hybrid modes. Neither prominence conduction nor coronal radiation become of importance for realistic values of the length of magnetic field lines and the prominence width. 3. The attenuation of slow modes is not affected by the value of the free component of the wavenumber, k z . On the contrary, the behaviour of fast modes is strongly dependent on k z . 4. Thermal conduction allows energy transfer between the prominence slab and the coronal medium. Prominence radiation has an essential role in dissipating the extra heat injected from the corona and stabilises the oscillations. Thermal instabilities appear if the radiative losses from the prominence plasma are omitted or significantly reduced (e.g. caused by an increase of the optical thickness) since the plasma cannot dissipate the extra injected heat in an efficient way. 5. The damping time of fast modes is strongly sensitive to the equilibrium physical parameters while slow waves are less affected by the variation of the equilibrium conditions. 6. The presence of the corona produces a decrement of the damping time of internal modes with respect to the solutions supported by an isolated prominence slab. Nevertheless, this effect is not enough to obtain damping times of the order of the period in the case of fast modes.
Considering the equilibrium parameters of Paper I, the efficiency of non-adiabatic mechanisms on the damping of fast modes is smaller in the present case. This fact suggests that the orientation of magnetic field lines with respect to the slab axis has a relevant influence on the attenuation of fast modes, the configuration of Paper I and the present one being limit cases. Moreover, fast modes are strongly sensitive to the equilibrium physical conditions, and it is possible to obtain small values of the damping time by considering extreme equilibrium parameters, such as very weak magnetic fields and very large prominence densities. In this way, fast modes show a wide range of theoretical damping times. On the other hand slow modes are always efficiently attenuated, with damping times of the order of Fig. 9 . Ratio of the damping time to the period for the fundamental oscillatory modes as function of, from the left to the right, the prominence temperature, the prominence density, the magnetic field strength and the coronal temperature. Computations performed considering k z x p = 1 and the boundary conditions v x = v z = T 1 = 0 at x = ±x c . their periods. This result suggests that the attenuation of prominence fast waves may be caused by other damping mechanisms not considered here. Some candidates could be resonant absorption and ion-neutral collisions. The real efficiency of these proposed mechanisms should be verified by future theoretical investigations in prominence-corona models. On the other hand, future studies should take into account the prominence fine structure on the basis that small-amplitude oscillations are of local nature. Therefore, the investigation of the damping of fibril oscillations should be the next step. Fig. 10 . Period (left), damping time (centre) and ratio of the damping time to the period (right) versus k z for the internal fundamental slow (upper panels) and fast (bottom panels) oscillatory modes. The solid lines are the solutions of a prominence plus corona equilibrium whereas the dotted lines represent the solutions of an isolated slab (Terradas et al. 2005) .
